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ABSTRACT
Volutes for radial-flow turbomachines (e.g., centrifugal fans and pumps) are spiral funnel-shaped casings that house rotors. Their function is
to guide the flow from rotors to outlets and maintain constant flow speeds. Under specific conditions, however, volutes are removed (termed
voluteless) to reduce flow losses and noise. In this paper, a generic voluteless centrifugal fan is investigated for the tonal noise generation at
an off-design operation point. In contrast to typical tonal noise sources induced by the fan blades, we find out that another predominant
source is the turbulence stemming from the clearance gap between the fan front shroud and the inlet duct. The turbulence evolves along with
the front shroud and is swept downstream to interact with the top side of the blade leading edge. An obvious additional tone is observed at
273Hz other than the blade passing frequency (BPF0) and relevant harmonic frequencies. By coarsening the mesh resolution near the inlet
gap and front shroud in the simulations, we artificially deactivate the gap turbulence. Consequently, the tone at 273Hz disappears
completely. The finding indicates that the interaction between the gap turbulence and blades accounts for the tone. As the gap turbulence
exists near the front shroud, this rotating wall introduces rotational momentum into the turbulence due to skin friction. Hence, this tonal
interaction frequency is smaller than BPF0 with a decrement of the fan rotation frequency. To the authors’ knowledge, this is the first time
that voluteless centrifugal fans are studied for the gap-turbulence noise generation.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055242
I. INTRODUCTION
Sound quality is an important criterion for evaluating the com-
fort level of an indoor environment.1,2 To date, technologies for isolat-
ing the indoor environment from external noise (emitted by cars and
airplanes, etc.) have achieved remarkable development.3 On the other
hand, the internal noise from heating, ventilation, and air conditioning
(HVAC) systems is difficult to isolate. Low-speed centrifugal fans
installed in the HVAC systems are known as dominant noise contrib-
utors. The noise can be reduced by placing silencers in ducts, but the
silencers introduce additional skin friction and decrease the cross-
sectional area of the flow. Besides, the silencers are mainly effective in
absorbing broadband noise rather than tonal noise. They can be tuned
to damp the tonal noise at specific frequencies, while the tuning is not
valid for a wide range of frequencies.4
The fan tonal noise generation is attributed to multiple causes.
Pressure and density fluctuations on fan blades are identified as domi-
nant sources in a large body of studies, e.g., by Ffowcs Williams and
Hawkings (FW–H).5 Besides, centrifugal fans designed in the type of
blades housed within volute casings were found with tonal noise sour-
ces existing in blade downstream wakes as well as the gap between the
blade and the volute.6 A volute casing usually has a spiral funnel shape.
Its function is to direct the rotor outflow toward the outlet and, mean-
while, to keep a constant flow speed through the spiral path within the
volute. It has been found in Ref. 7 that the interaction between the
blades and the volute generates tonal noise at the blade passing fre-
quency (denoted by BPF0).
However, in specific scenarios (HVAC systems, for example),
centrifugal fans are designed by removing stationary volutes but only
retaining rotors to pump air, to improve the aerodynamic and aeroa-
coustic performances. The treatment of removing volutes is termed
voluteless hereafter. Regarding the structure of the rotor part, a front
shroud and a backplate are assembled onto the top and bottom sides
of the rotating blades, respectively. As found in both simulations and
experiments for a voluteless fan,8 the tonal noise at BPF0 is generated
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from a helical unsteady inlet vortex that interacts with the rotating
blades near the fan backplate. Another cause is inflow distortion,
which leads to flow separation at the blade root near the backplate.9
Based on this finding, flow obstructions were proposed to position
upstream of the fan inlet.10 The shape and location of obstructions
were identified as the key parameters for noise reduction. As the pre-
sent study focuses on the tonal noise, broadband noise sources (e.g.,
see Ref. 11) are not reviewed.
In an HVAC voluteless centrifugal fan, there is a gap (also termed
clearance) between the rotating fan front shroud and the stationary
inlet duct. The pressure difference between the fan’s inner and outer
sides drives air to pass through the gap. As clarified by Hariharan and
Govardhan,12 increasing the gap width worsens the blade aerodynamic
performance. According to Lee,13 the gap gives rise to a local jet that
aggravates flow separation near the front shroud. This finding was fur-
ther proven in later studies,14,15 where the visualization of streamlines
indicates that the flow discharged from the gap becomes recirculated
around the intersection of the front shroud and blade trailing edge
(BTE). The flow separation features intensive turbulence kinetic
energy (TKE).15 As demonstrated in experiments,16,17 the curved
shape of the front shroud also accounts for the flow separation. It is
worth noting that the shroud skin friction leads to extra rotational
momentum in the flow medium near the shroud walls. The same find-
ing was also reported in Ref. 18. This effect is different from conven-
tional blade vortex interaction (e.g., Ref. 19) where the medium is
quiescent.
The noise from voluteless centrifugal fans was numerically stud-
ied by Schaeffer and Boehle.20 It was found that the accuracy of the
noise prediction, especially at BPF0, is improved when the mesh is
refined at the gap and the fan outlet. This study, however, provided
few discussions on the physical mechanisms that are associated with
the improved accuracy. Recently, a broad bump in the acoustic spectra
was found existing at the frequency near 80% of BPF0:
21 The flow
modal structures in this phenomenon were analyzed based on a on a
spectral proper orthogonal decomposition. One of the azimuthal
modes identified was located near the gap position, while the physical
cause leading to this mode is unclear. In another previous study,15 sev-
eral tonal noise sources including the gap turbulence were found, and
obvious tones were observed in the acoustic spectra. However, the cor-
relations between the noise sources and the tones were not clarified.
The present article focuses on investigating the noise generated from
the gap turbulent flow. To the authors’ knowledge, this phenomenon
in voluteless centrifugal fans is studied for the first time.
Apart from experiments in a rig consisting of a plenum chamber
and a reverberation room, the numerical simulations in the current
study are carried out using a hybrid method of the improved delayed
detached eddy simulation (IDDES)22 and the Ffowcs Williams and
Hawkings (FW–H) equation,5 which will be elaborated on in Sec. III.
The IDDES is used in the flow simulation, and the FW–H for the noise
prediction. In some previous studies,23,24 the unsteady Reynolds-
averaged Navier–Stokes (URANS) equations were adopted for the
flow simulation. It was found that the aerodynamic forces obtained
using the URANS are in good agreement with experimental data. This
method coupled with the acoustic analogy well predicts principal tonal
noise but not the broadband noise. The reason is that the URANS can-
not resolve transient small-scale flow fluctuations that are also noise
sources, although large-scale unsteady contents are captured. The
IDDES, by contrast, simulates most of fluctuations despite the model-
ing of sub-grid scale quantities. Hence, coupling the IDDES with the
FW–H equation enables the accurate prediction for both tonal and
broadband noise, as demonstrated in previous studies on vehicle cool-
ing fans25,26 and a classical axial fan.27
The main goal of the current study is to gain knowledge about
the effect of the fan inlet gap on the fan aerodynamics and consequent
noise generation, especially the tonal noise, under a specific off-design
point where the tonal noise is found increasing in experiments. The
reasons for the noise increase will be addressed by artificially control-
ling the gap turbulent flow in the numerical simulations. The artificial
control is accomplished using a mesh-resolution coarsened treatment.
The correlation between the noise sources and the noise will be quanti-
fied based on spectral analysis.
II. APPLICATION CASE
A. Geometry and computational setup
The voluteless centrifugal fan and its inlet duct investigated in
this study are illustrated in Fig. 1(a). The inlet duct has a trumpet
shape with a variable cross-sectional area, which is narrowed to the
minimum value near the fan inlet. The minimum diameter of the inlet
duct is slightly smaller than the fan inlet diameter to form the clear-
ance (i.e., the gap) between the stationary and rotating parts. As shown
in Fig. 1(b), the fan and inlet duct are placed within a downstream
duct, and the inlet duct is connected to an upstream duct. This simple
geometry layout is designed for the numerical simulations. The
upstream and downstream ducts are utilized to replace the original
experimental setup, which is presented in Sec. II B. This simplification
lessens the geometry complexity but reserves the principal flow and
FIG. 1. (a) The fan configuration and inlet duct. (b) The simple geometry layout for
the numerical simulations. Here, M1 and M2 mark out two microphone positions.
The rotation axis of the fan is the x-axis.
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noise characteristics. Table I lists the geometry parameters signified in
Fig. 1. There are seven blades in the fan.
B. Experimental setup
The experimental rig for measuring the fan aerodynamics and
aeroacoustics, which was validated in a previous study,15 is shown in
Fig. 2. The rig consists of a reverberation room and a pressurized ple-
num chamber. The walls of the plenum chamber are treated with
sound-absorbing materials. The fan is supported with a strut within
the plenum chamber, and its trumpet-shaped inlet duct is connected
to the reverberation room. The supporting strut is composed of slen-
der rods that are positioned far away from the fan outlet, to eliminate
the strut interference from the fan outflow. An electric motor is used
to drive the fan. The motor rotating frequency is 46:7Hz, which is
much smaller than the blade passing frequency (BPF0) and the har-
monic frequencies of interest. The motor noise is measured without
the fan at the rotating frequency so that the motor introduced noise is
subtracted from the fan noise measurements.
By comparing Fig. 1(b) to Fig. 2, the reverberation room and the
plenum chamber in the experimental rig are replaced with the
upstream and downstream ducts in the computational setup, respec-
tively. The replacement has been validated in the authors’ previous
study on the aerodynamics of the same fan using URANS.15 It was
found that the major aerodynamic characteristics and tonal noise fre-
quencies measured in the experiments are reproduced by the
simulations.
The experimental parameters are given in Table II. The micro-
phones are PCB Piezotronics 130A20 40791. The software LabVIEW28
is used to sample signals. The von Hann window is used for the fast
Fourier transformation (FFT) in the spectral analysis. The sampling
frequency is 25 600Hz, and the frequency resolution is 0.284Hz.
C. Operation point
The fan rotation speed is 2800 rpm (revolutions per minute).
Given that the fan has seven blades, the blade passing frequency BPF0
is 326:7Hz, and the first harmonic frequency 653:4Hz.
The fan characteristic curve is shown in Fig. 3(a). Five operation
points are measured. The maximum efficiency point is found between
points 2 and 3, where the pressure rise is 410:83 Pa and the mass flow
rate is 0:36 kg=s. The power spectral density (PSD) of the tonal noise
at BPF0 is shown in Fig. 3(b). The noise increases at the off-design
condition Point 4, where the pressure rise is 269:65 Pa and the mass
flow rate is 0:467 kg=s. It was reported for voluteless centrifugal fans
in Ref. 8 that the tone at BPF0 increases with respect to the mass flow
rate. Hence, point 4 is specifically studied to understand the causes of
the noise increase.
III. NUMERICAL METHODOLOGY
A. Computational fluid dynamics (CFD) method
The transport equations of continuity, momentum, and energy
equations in the conservation form are generally written as
@q
@t
þr  quð Þ ¼ 0;
@ quð Þ
@t
þr  qu uð Þ ¼ rpþr  s;
@
@t
qEð Þ þ r  qEuð Þ ¼ r  krTð Þ  r  q  uð Þ þ r  u  sð Þ;
(1)
where the total energy E ¼ eþ u  u=2, and e is the internal energy.
If the compressibility is taken into account, the viscous stress ten-
sor s is defined as
s ¼ k r  uð ÞI þ l ruþ ruð ÞT
h i
; (2)
where k is the bulk viscosity and l is the dynamic viscosity.
The air is considered as an ideal gas. The flow is compressible. A
finite volume method is utilized to discretize the continuity, momen-
tum, and energy equations. The method employs a segregated flow
solver accomplished with the Semi-Implicit Method for Pressure-
Linked Equations (SIMPLE) algorithm.
The convection flux on a cell face is discretized utilizing a hybrid
second-order upwind and bounded scheme. The diffusion fluxes on
both internal and boundary cell faces are discretized with a second-
order scheme. The second-order hybrid Gauss-least-squares approach
(LSQ) method is used in gradient computation. A second-order
implicit method is taken to discretize the time derivative. The time
marching procedure adopts inner iterations at every preconditioned
pseudo-time step. All simulations are performed using the commercial
software STAR-CCM+.29 This setup was validated in the previous
study,30 where turbulence-induced acoustic waves transmitting
through a cabin window were simulated.
TABLE I. The fan parameters.
d1 d2 d3 d4 b h1 h2 w
0.165 m 0.268 m 0.6 m 1.1 m 0.053 m 4.0 m 2.3 m 0.0015 m
FIG. 2. The experimental rig: A, electric motor; B, fan; C, supporting strut; D, inlet
duct; E, plenum chamber; F, reverberation room. M1 and M2 are microphones,
which are identical to those in Fig. 1(b).




Pressure in the reverberation room 99 360 Pa
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The turbulence is simulated using the IDDES31 that is combined
with the k–x shear stress transport (SST) turbulence model. This
setup has been tested in several studies on rotating machinery.25,26
Hereafter, the filtered variables are presented. The IDDES revises the
specific turbulence dissipation rate x in the transport equation of the
turbulence kinetic energy k by introducing a hybrid length scale
~lDDES ¼ ~f d 1þ feð ÞlRANS þ 1 ~f d
 
lLES; (3)
where lRANS and lLES are the Reynolds-averaged Navier–Stokes equa-
tions (RANS) and LES length scales, respectively. Furthermore, wall
modeling in large eddy simulation is taken into account for ~f d and
~f e,
~f d ¼ max tanh Cdtrdtð Þ3;min 2 exp 9a2ð Þ; 1
  
;
a ¼ 0:25 dw=hmax;
(4)
where dw denotes the distance to the wall, and hmax is the maximum
local grid spacing. The parameter rdt is defined as







where ls is the turbulent eddy viscosity, and the von Karman constant
j ¼ 0:41. The formulation of fe reads
fe ¼ max fe1  1ð Þ; 0½ wfe2; (6)
where w is a low-Reynolds correction that rectifies the activated low-
Reynolds number terms of the background RANS model in the LES
mode32 The other parameters are written as
fe1 ¼
2 exp 11:09a2ð Þ; for a  0
2 exp 9a2ð Þ; for a < 0;
(
fe2 ¼ 1max tanh C2t rdt
	 
3




rdl ¼ l= q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiru : ruTp j2d2w:
(7)
The coefficients of the IDDES model adopt the default values in
the software STAR-CCM+, i.e., CDES;kx ¼ 0:78; CDES;ke ¼ 0:61;
Cdt ¼ 20; Cl ¼ 5; andCt ¼ 1:87.31 The notation of the coefficients is
the same as in the software user guide.29 The wall-normal sizes of the
first layer cells near all walls fulfill Dyþ < 1:
B. FW–H equation
A hybrid approach is adopted to predict the noise generated
from the flow. In this approach, the IDDES is coupled with
Formulation 1A of Farassat.33 The ambient air density is set to
q0 ¼ 1:225 kg=m3, and the speed of sound c0 ¼ 340 m/s. The
Formulation 1A reads
























where r ¼ x  yj j, and Mr ¼ ðx  yÞ  v=ðrc0Þ. The variable vn is the
local surface normal velocity, and se denotes the emission time.
Besides, cos h ¼ ðx  yÞ  n, where n is the unit vector normal to the
surface.
According to Neise,34 the fan noise generation at low Mach num-
bers is dominated by dipole noise sources that are derived based on
the FW–H equation. The same observation has also been reported for
the current voluteless centrifugal fan using URANS coupled with
Formulation 1A.15,23 Hence, the noise prediction in this study consid-
ers only an impermeable integral surface for Formulation 1A. The
integral surface consists of the fan blades, shroud, and backplate [see
Fig. 1(a)], while the upstream and downstream ducts, as well as the
fan inlet duct, are neglected. This treatment disregards the acoustic
reflection from the duct walls to resemble the conditions in the experi-
mental rig. The plenum chamber walls are installed with sound-
absorbing materials, and the plenum chamber and reverberation room
have large volumes for accommodating the sound wave propagation.
Thus, there is a limited acoustic reflection from these room walls.23 As
the flow in the fan inlet duct does not contain fluctuations, noise
FIG. 3. (a) The fan characteristic curve at the fan rotation speed of 2800 rpm. The operation points labeled with circles are further measured for the tonal noise. (b) The PSD
of the tonal noise at the blade passing frequency BPF0 for the upstream microphone (M1) and the downstream microphone (M2).
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sources on this surface are negligible. Nevertheless, an interesting
future study is to investigate the duct effect on the noise propagation.
C. Numerical settings
The entire computational domain is divided into stationary and
rotating parts. The parts contained within the ducts are stationary,
whereas the part inside the fan is rotary. The meshes of the stationary
and rotary meshes are not conformable at the interfaces between
them.
The under-relaxation factors for the velocity and pressure in the
segregated flow solver are set to 0.7 and 0.4, respectively. The under-
relaxation factor for the turbulence equations is 0.7.
The mass-flow boundary condition is set at the inlet, with a uni-
form velocity distribution. The modeled turbulence intensity is set to
I ¼ 4% according to I ¼ 0:16ðReÞ1=8:29 Here, Re is computed
based on the inlet diameter and the streamwise velocity at the inlet.
The modeled turbulence length scale is set to ‘ ¼ 0:05m based on
‘ ¼ 0:7d3 where d3 is the upstream duct diameter. The pressure-
outlet boundary condition is set at the outlet with a static pressure of
101 325 Pa, which is the reference pressure (pref ) in the ambient air.
The no-slip boundary condition is specified on all walls.
The influence of convective Courant numbers on the simulation
accuracy is investigated by setting two different time step intervals.
The small time interval is DtA ¼ 2:0 106 s, leading to the maxi-
mum convective Courant number below one and 10 800 time steps
per revolution of the fan. The large time interval is DtB ¼ 10DtA with
the maximum convective Courant number of approximately 10. This
value still fulfills the numerical stability required for the implicit time-
marching method. For both time intervals, the maximum number of
inner iterations per time step is set to 20.
The sampling period of the noise is 0.3 s for all cases, correspond-
ing to 14 fan revolutions. The sampling time interval is 50DtA. The
PSD is calculated using the von Hann window for 3000 samples per
signal section, which leads to a frequency resolution of around 3Hz,
and no overlapping between the signal sections.
Four cut planes (planes 1–4) across the fan are specified to observe
the flow quantities in the subsequent analysis. In addition, four monitor-
ing points (P1, P2, P3, and P4) are located at a selected blade leading
edge (BLE). The cut planes and points are shown in Fig. 4.
IV. COMPUTATIONAL MESHES
A. Local mesh refinement
We adopted a polyhedral mesh generation method to produce
prism layers near the walls and polyhedral cells in the rest of the
computation domain. The use of polyhedral cells for turbomachines
has been demonstrated in Refs. 23 and 35. The growth rate is set to
1.05, as suggested in Ref. 36.
The mesh quality is evaluated using coarse and refined meshes
(see Fig. 5). Local refinement is made inside the fan and inlet gap,
where high TKE was found due to the gap turbulence.15 The refined
resolution enables the LES mode for the IDDES. The mesh parameters
are listed in Table III.
Furthermore, a mesh independence study is performed to vali-
date the quality of the refined mesh in the rotating domain, which
contains the region near the gap and shroud. Based on the refined
mesh, two meshes are generated by globally changing the cell sizes in
the rotating domain. As presented in Table III, the refinement factor is
defined as the ratio of the cell sizes between the refined mesh and the
newly generated one. The cells of the less-refined mesh are globally
larger than the refined mesh with a refinement factor of 0.85, and
those of the ultra-refined mesh are smaller with a refinement factor of
1.15.
B. Evaluation of mesh quality
By setting different time steps of DtA and DtB for the coarse and
refined meshes, four simulations are performed. The simulation
matrix is shown in Table IV. Case 3 is simulated with the refined mesh
and the small time interval, which lead to the global maximum con-
vective number below one.
The static pressure excluding the reference pressure
(pref ¼ 101 325 Pa) is displayed in the axial symmetric line of the fan
in Fig. 6. All cases show consistent pressure amplitudes upstream of
the fan, while differences are seen downstream due to the mesh quali-
ties. The influence of the time intervals is subtle given the same mesh
is used.
Important physical quantities describing the fan performance are
the static pressure rise, which is between the fan inlet and outlet, and
the fan torque. These two quantities from the four cases are listed in
Table V. The results of cases 3 and 4 agree well with the experimental
data.
The comparison of cases 4, 5, and 6 shows that the mesh refine-
ment in the rotating zone leads to converged results. A spectral analy-
sis, which is presented in the Sec. VB, is also conducted, and
consistent results such as the tonal frequencies and resolved gap turbu-
lence are identified. For the sake of brevity, case 4 is chosen for the
analysis and discussion hereafter.
V. RESULTS AND DISCUSSION
A. Inlet gap turbulence
The contours of vorticity magnitudes k~xk near the fan inlet gap
are shown in Fig. 7. In contrast to the coarse-mesh case (case 2), the
refined-mesh case (case 4) resolves turbulent vortices that originate
from the gap. The reason is that the fine mesh resolution turns on the
LES mode of the IDDES.37 The gap turbulence is mixed with the main
flow as it is swept downstream. This phenomenon was also observed
previously.13 The turbulence is responsible for the noise generation.38
Note that the instantaneous flow quantities analyzed throughout this
paper are extracted at the same physical time.
Furthermore, the vorticity magnitudes are shown in plane 3 in
Fig. 8. Plane 3 is positioned on the top side of the fan blades (see
Fig. 4). More turbulent structures are resolved in case 4 owing to the
FIG. 4. The cut planes and points (P1–P4) for observing the flow variables in the
subsequent analysis. The distances of the cut planes to the fan backplate are
labeled.
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refined mesh quality. The turbulence is significant near the blade trail-
ing edge on the suction side. The contours of the modeled TKE are
illustrated in Fig. 9. It is obvious that case 2 has larger regions with sig-
nificant modeled TKE than case 4. The reason is that the latter case
has a better mesh resolution. This finding demonstrates the distribu-
tion of the resolved vortices observed in Fig. 4.
These observations are consistent with the results obtained from the
URANS,15,23 where large modeled TKE was found in the same regions.
Moreover, similar findings were reported in the experiments.16,39
Figure 10 displays the instantaneous surface pressure on the
blade leading-edge side in plane 2. Here, gchord is the nondimensional
distance to the leading edge that is calculated based on the blade chord
length. The reference pressure, pref , is excluded from the static pressure
shown in the figure. The pressure distribution among the blades is
similar in case 2, while noticeable discrepancies are observed in case 4,
for which the refined mesh is used. A common pressure peak is seen
on the blade suction side at the position gchord ¼ 0:018. Case 4 shows
that the peak varies in a wide range of approximately 200 Pa with the
maximum value on blade 1 and the minimum one on blade 2. The
FIG. 5. Mesh cells near the blade trailing edge in (a) the coarse mesh and (b) the refined mesh; those near the inlet gap in (c) the coarse mesh and (d) the refined mesh.
TABLE III. The mesh parameters.
Coarse mesh Refined mesh Less-refineda Ultra-refineda
Refinement factor … 1 0.85 1.15
Total number of cells 32 106 52 106 46:5 106 58:3 106
Number of cells in the rotating zone 22:9 106 41:9 106 36:4 106 48:2 106
Maximum Dyþ near blade walls 0.93 0.73 0.83 0.65
Cell growth ratio 1.05 1.05 1.05 1.05
aThe less-/ultra-refined meshes are generated by adjusting the cell sizes of the refined mesh in the rotating zone.
TABLE IV. The matrix of the simulated cases.
Mesh quality Time interval
Case 1 Coarse DtA ¼ 2:0 106 s
Case 2 Coarse DtB ¼ 10DtA
Case 3 Refined DtA
Case 4 Refined DtB
Case 5a Less-refined DtB
Case 6a Ultra-refined DtB
aHere, cases 5 and 6 adopt the meshes in Table IV.
FIG. 6. The pressure in the axial axis of the fan across the computational domain.
Here, x ¼ 2 corresponds to the location near the outlet and x ¼ 4 near the inlet.
The fan location is marked out with the red zone.
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pressure discrepancies among the blades are ascribed to the gap turbu-
lence. Since the mesh is refined in the inlet gap and near the shroud
wall, the turbulence from the inlet gap is well resolved. The turbulence
develops along the shroud wall. It interacts with the blades at their
leading edges. The interaction renders the uneven surface pressure dis-
tributions among the blades as well as the significant peak differences.
The refined mesh is sufficient for resolving instantaneous turbulent
fluctuations required for the noise prediction. As case 4 with a larger
time interval consumes less computational costs, it is selected for the
following aeroacoustic analysis.
B. Interaction between inlet-gap turbulence and
blades
A snapshot of the vorticity magnitudes, k~xk, and the wall shear
stress (WSS) magnitudes near the fan shroud is illustrated in Fig. 11.
There are more isosurfaces of k~xk ¼ 2 104 s1 near blade 1, as
compared with the neighboring blade 2. The phenomenon of large
vorticity magnitudes was also found in the previous study.40 The iso-
surfaces imply intensive turbulent flow structures, which are developed
from the inlet gap. These turbulent flow structures are swept past the
blade leading edges. As a consequence, large WSS magnitudes are
formed on the leading edge surfaces. As shown in Fig. 10(b), the larg-
est pressure peak exists on blade 1 at the snapshot time, whereas the
smallest pressure peak on blade 2. The peak values are related to the
intensive levels of the turbulence. The smallest pressure peak is found
on blade 2 since the most intensive vortices occur near this blade.
The instantaneous surface pressure on the blade leading edges at
different fan axial positions is displayed in Fig. 12. At the position
nearest the inlet gap, a remarkable pressure peak is seen at blade 5, but
the peaks at the other blades are similar. The blades have different
pressure distributions on the suction sides near the shroud. However,
the differences are minor at the positions that are far from the shroud.
As the distance to the inlet gap and the shroud increases, the pressure
differences among the blades decay. The reason is that the turbulence
from the inlet primarily develops along with the shroud. The influence
of the turbulence on the blades is, therefore, effective mainly near the
shroud. Moreover, this physical behavior is explainable in terms of
surface pressure contours (see Fig. 13), for which pref is excluded.
Blades 2 and 5 are chosen to compare. A region of large surface pres-
sure is seen on blade-5 leading edge near the shroud. However, the
surface pressure in the same region on blade 4 is relatively small. Plane
1 crosses this region. Thus, the largest pressure peak in plane 1 occurs
on blade 5, as also found in Fig. 12(a).
The time history of the surface pressure on blade-2 leading edge
at the monitoring points, points 1–4, is displayed in Fig. 14. The first
two points are located on the blade’s top side near the shroud and the
others on the blade’s bottom side (see Fig. 4). At point 1, the pressure
fluctuations with large amplitudes and high frequencies are observed.
Fluctuations are also obvious at point 2, but the fluctuating range is
smaller. Moreover, a periodic low-frequency fluctuation in relation to
the fan revolution is discerned, which was also found in Ref. 15. By
comparing the four monitoring points, high-frequency fluctuations
TABLE V. Fan performance data.
Static pressure rise (Pa) Torque ðNm)
Case 1 256.33 1.133
Case 2 255.61 1.133
Case 3 269.20 1.126
Case 4 267.82 1.127
Case 5 262.12 1.129
Case 6 267.91 1.127
Experiment 269.65 1.125
FIG. 7. Instantaneous vorticity magnitudes near the inlet gap. (a) Case 2 with the coarse mesh and (b) case 4 with the refined mesh.
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decay rapidly with the increased distance to the shroud. The periodic
low frequency becomes predominant at points 3 and 4. The phenome-
non is explainable based on the finding in Fig. 11. The gap turbulence
gives rise to intensive surface pressure fluctuations. Since the gap turbu-
lence fades on the blade bottom side, high-frequency fluctuations disap-
pear. The periodic low frequency at point 2 implies that although the
maximum pressure peak is observed on blade 5 rather than blade 2 in
Fig. 12(a), the peak periodically moves among the blades. A detailed
study of the periodic peak motion has been explored in Ref. 15.
The surface pressure on the pressure and suction sides of blades 3
and 6 is shown in Fig. 15. The pressure distributions of the two blades
are overall similar. The only noticeable difference is that larger pressure
exists on the pressure side of blade-3 trailing edge. This effect is attrib-
uted to the gap turbulence that unevenly occurs among the blades. The
same finding has been presented in the previous numerical simulations
for centrifugal fans15 and experiments for centrifugal compressors.16,39
The instantaneous surface pressure over the whole blade surfaces
in plane 3 near the shroud is displayed in Fig. 16. The pressure on the
pressure side of the blade 6 trailing edge is lower than the other blades.
This result is explained based on the pressure contours in Fig. 15.
Except for blade 6, the other blades (e.g., blade 3 shown in the figure)
are subjected to low pressure on the blade pressure sides near the trail-
ing edges. The low pressure region is caused by flow separation
according to the previous studies.15,23
FIG. 8. Instantaneous vorticity magnitudes near the shroud are visualized in plane 3: (a) case 2 without the inlet-gap turbulence and (b) case 4 with the inlet-gap turbulence.
FIG. 9. The instantaneous modeled TKE in plane 3. (a) Case 2 and (b) case 4.
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Figure 17 shows the instantaneous surface pressure in plane 4,
which is near the fan backplate. Consistent pressure distributions are
found for all blades. There are no unevenly distributed pressure zones
or unsteady fluctuations near the backplate. This phenomenon sug-
gests that the inlet-gap turbulence has negligible interaction with the
blades at this location.
Figure 18 shows the contours of the circumferential velocity mag-
nitudes, vRj j, and the streamlines of the relative velocity vectors near
plane 3, which is located upstream of the blades. Note that the axial
velocity component along the fan rotation axis is excluded from the
vectors. In addition, the time series of the radial velocity magnitudes
are monitored at a point (point A) near the shroud. The contours and
streamlines infer that the upstream flow possesses rotational momen-
tum. This effect was also noticed in Ref. 18, while it is different from
conventional blade vortex interaction (for example, Ref. 19) where the
upstream flow does not rotate. Moreover, regions with large
FIG. 10. The instantaneous surface pressure on the blades in the axial section, plane 2, near the fan inlet: (a) case 2 with the coarse mesh and (b) case 4 with the refined
mesh. Here, gchord ¼ 0 corresponds to the blade leading edge.
FIG. 11. A snapshot of the vorticity magnitudes, k~xk, and the WSS magnitudes. Note that the snapshot is taken at the same time as Fig. 10.
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FIG. 12. The instantaneous surface pressure on the blade leading edges: (a) plane 1 closest to the inlet gap, (b) plane 2 intersecting with the fan shroud, (c) plane 3 without
the intersection to the shroud, and (d) plane 4 near the fan backplate, which is furthest from the inlet gap (see Fig. 4).
FIG. 13. The instantaneous surface pressure on blades 2 and 5, viewed from the leading edge of the blade. The snapshot is taken at the same time as Fig. 12.
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circumferential velocity magnitudes are discerned near the shroud.
These regions appear periodically in relation to the blade positions. By
monitoring the circumferential velocity at point A, intensified fluctua-
tions are observed. It suggests that the flow near the shroud is highly
fluctuating due to the gap turbulence.
C. Turbulence-induced tonal noise
The PSD predicted at the microphones, M1 near the inlet and
M2 near the outlet, is compared with the experiments in Fig. 19. The
predicted tonal frequencies, BPF0 and BPF1, agree well with the
FIG. 14. The time history of the surface pressure on blade 2 at the monitoring points along the blade leading edge at the intersection of (a) plane 1 (point 1) and (b) plane 2
(point 2), plane 3 (point 3), and plane 4 (point 4). The point locations are illustrated in Fig. 4. The red dashed line indicates the fan revolution periods.
FIG. 15. A snapshot of the instantaneous surface pressure on blade 3 and blade 6. BTE is the blade trailing edge, and BLE is the blade leading edge.
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experimental results in all simulations (cases 2 and 4). Moreover, a new
tonal frequency of 273Hz is only captured with the refined mesh, but it
is not shown using the coarse mesh. The only difference between the
refined and coarse meshes is the mesh resolution near the fan inlet gap
and shroud. As demonstrated in the aforementioned analysis of flow
structures, the refined mesh resolution is essential for resolving the gap
turbulence. In other words, the gap turbulence is artificially turned off
by coarsening the mesh quality near the inlet gap. Therefore, this spe-
cific tone at 273Hz is generated by the gap turbulence.
The frequency of 273Hz is close to the difference between BPF0
(326:7Hz) and the fan rotation frequency (46Hz). As found in
Fig. 18, the rotating shroud wall introduces rotational momentum into
the gap turbulent vortices due to the wall friction. The gap turbulence
interacts with the rotating blades. Owing to the radial motion of the
gap turbulence, the interaction appears at 273Hz rather than BPF0.
This effect was also observed in the previous studies on other volute-
less fans,8,9 where such a specific tone was displayed in the acoustic
spectra although it was not analyzed. A recent study also reported that
a broad bump was identified in the acoustic spectra at the frequency
near 80% of BPF0:
21 By using spectral proper orthogonal decomposi-
tion, an azimuthal mode of flow structures was found near the gap.
The PSD of the sound pressure from the fan surface compo-
nents (the fan shroud, blades, and backplate) at the microphones, M1
and M2, is displayed in Fig. 20. The tonal frequency BPF0 is observed
for all surface components, whereas 273Hz associated with the gap
turbulence exists for the blades and shroud. The tone from the blades
is larger than that from the shroud. This effect is understandable in
terms of the turbulence kinetic energy and the turbulence impinge-
ment direction. The turbulence evolves to be potent at the down-
stream location near the blade leading edge. The turbulence sweeping
direction is parallel to the shroud surface but normal to the blade
leading edge. The normal sweeping impingement accounts for more
significant pressure and density fluctuations. It is interesting to note
that the fan backplate does not present a tone at 273Hz. The reason
is that the gap turbulence disappears near this surface, as indicated in
Figs. 11 and 15.
D. Spectral analysis of tonal noise sources
Based on the band filtered PSD of surface pressure and density
fluctuations, the locations and magnitudes of dominant tonal noise
sources are evaluated. The results at a tonal frequency of 273Hz asso-
ciated with the gap turbulence are illustrated in Fig. 21. In case 2 where
the gap turbulence is turned off, powerful pressure and density PSD
appear only on the top side of the blade trailing edges. In addition to
this location, however, case 4 with the gap turbulence is noticed with
plenty of powerful PSD on the inlet gap, the top side of the blade lead-
ing edge, and the fan shroud. In particular, large magnitudes are
commonly located at the blade leading edges close to the shroud.
These high energy locations are identical to the places, where the gap
turbulence evolves and accounts for the impingement on the walls
FIG. 16. The instantaneous surface pressure on the blades in plane 3.
FIG. 17. (a) The instantaneous surface pressure (a) along the intersection lines of the blades and plane 4, which is near the fan backplate, and (b) in plane 4.
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(see Figs. 7 and 11). Therefore, the gap turbulence dominates the tonal
noise generation at 273Hz.
VI. CONCLUSIONS
The tonal noise generated from a generic voluteless centrifu-
gal fan for HVAC systems is studied at a specific off-design opera-
tion point. The study is motivated by the experimental finding that
an increase in the tonal noise is noticed at this operation point, as
compared with others. The flow is simulated by a hybrid method
coupling the IDDES with Formulation 1A of Farassat. The simu-
lated fan performance and noise agree well with the measurement
data. Regarding the turbulence stemming from the fan inlet gap,
this is the first time to explore its noise generation for voluteless
centrifugal fans. A simulation case with coarse mesh resolution at
the inlet gap is proposed to artificially deactivate the gap turbu-
lence. By comparing this case to the one that resolves the gap tur-
bulence with refined mesh resolution, the effects of the gap
turbulence are addressed.
FIG. 18. (a) The circumferential velocity magnitudes, vRj j, monitored at point A. Here, the red dashed lines indicate the fan revolution periods, and the green dashed line
marks the average value of 27.5 m/s. (b) The contours of vRj j and the streamlines of the relative velocity vectors near plane 3.
FIG. 19. PSD of the sound pressure at the microphones a) M1 near the inlet and b) M2 near the outlet. The tonal frequencies BPF0 ¼ 326:7 Hz and BPF1 ¼ 653:4 Hz.
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FIG. 20. PSD of the noise generated by the individual fan surface components at (a) M1 and (b) M2.
FIG. 21. PSD at 273 Hz for surface pressure fluctuations (top row) and density fluctuations (bottom row). Here, (a) and (c) are for case 2; and (b) and (d) are for case 4. The
gap turbulence is artificially turned off in case 2 and turned on in case 4. Contours below the minimum values of the color bars are clipped.
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The gap turbulence evolves along with the fan shroud and is
swept downstream to impinge on the fan blades. It accounts for
uneven and unsteady surface pressure distribution among the blades.
Moreover, the most significant impingement is found on the top side
of the blade leading edges, which are near the shroud. The surface
pressure in this region fluctuates in a wide amplitude range and is rich
in high-frequency contents.
Another effect is that the gap turbulence fades from the blade
spanwise top side to bottom side and, finally, disappears near the fan
backplate. As the distance to the blade top side increases, surface pres-
sure fluctuations decay rapidly, and similar pressure distribution on
different blades is found. However, a periodic fluctuation at the fan
rotation frequency is clearly observed with the increased distance.
Spectral analysis is performed for the surface pressure and density
fluctuations, and the sound pressure at the microphones near the fan
inlet and outlet. The gap turbulence impingement on the shroud and
blades contributes to noticeable tonal noise at 273Hz. Given the fact
that this tone disappears when the gap turbulence is artificially turned
off, it is concluded that the tone is completely generated from the gap
turbulence. The frequency of 273Hz is close to the difference of BPF0
and the fan rotation frequency (46Hz). In contrast to conventional
blade vortex interaction in which the ambient medium of vortices is qui-
escent, a specific effect for the present voluteless fan is that the rotating
shroud wall introduces rotational momentum into the gap turbulent
vortices due to the wall friction, as the vortices exist near the shroud
wall. This is the reason why the tone from the gap turbulence is 273Hz.
The present study reveals the vital role of the gap turbulence in
tonal noise generation for voluteless centrifugal fans. Nonetheless, the
influences of the gap geometrical parameters (width, shape, etc.) on
the flow and noise generation are not explored. The effect of the
shroud surface curvature is not analyzed as well. Interesting future
work is to address these geometry effects.
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